Specific regulatory nascent chains establish direct interactions with the ribosomal tunnel, leading to translational stalling. Despite a wealth of biochemical data, structural insight into the mechanism of translational stalling in eukaryotes is still lacking. Here we use cryo-electron microscopy to visualize eukaryotic ribosomes stalled during the translation of two diverse regulatory peptides: the fungal arginine attenuator peptide (AAP) and the human cytomegalovirus (hCMV) gp48 upstream open reading frame 2 (uORF2). The C terminus of the AAP appears to be compacted adjacent to the peptidyl transferase center (PTC). Both nascent chains interact with ribosomal proteins L4 and L17 at tunnel constriction in a distinct fashion. Significant changes at the PTC were observed: the eukaryotic-specific loop of ribosomal protein L10e establishes direct contact with the CCA end of the peptidyl-tRNA (P-tRNA), which may be critical for silencing of the PTC during translational stalling. Our findings provide direct structural insight into two distinct eukaryotic stalling processes.
INTRODUCTION
The ribosomal exit tunnel is an $90-100 Å long conduit, located in the large ribosomal subunit, through which the nascent chain passes as it is being synthesized. It has long been assumed that the tunnel is inert with respect to the nascent chains; however, growing evidence indicates an important role for the exit tunnel in protein folding (Bhushan et al., 2010; Hardesty and Kramer, 2001; Lu and Deutsch, 2005; Tu and Deutsch, 2010; Woolhead et al., 2004) and translation regulation (Lovett, 1994; Morris and Geballe, 2000; Tenson and Ehrenberg, 2002 ). Indeed, a wide variety of regulated bacterial operons have been discovered where ribosome stalling during translation of a short upstream open reading frame (uORF), or so-called leader peptide, regulates expression of the downstream cistron. Wellcharacterized examples include the SecM (secretion monitor) (Nakatogawa and Ito, 2002; Yap and Bernstein, 2009) , ErmCL (erythromycin resistance) (Ramu et al., 2009) , and TnaC (tryptophanase) (Gong and Yanofsky, 2002) leader peptides. A recent cryo-EM structure of a TnaC-stalled ribosome revealed direct interaction between the TnaC peptide and the ribosomal tunnel (Seidelt et al., 2009 ); however, no evidence for a cascade of conformational ribosomal RNA (rRNA) rearrangements, as previously proposed for SecM stalling (Mitra et al., 2006) , was observed.
Similarly, regulatory peptides operate in eukaryotes, the most well-studied being the fungal AAP and the hCMV glycoprotein (gp48) uORFs (Morris and Geballe, 2000) . During an early stage of CMV infection, the expression of gp48 is repressed by the CMV uORF2 (Degnin et al., 1993; Geballe et al., 1986) . Translation of the CMV uORF2 peptide inhibits termination at its own stop codon, thereby blocking scanning to the downstream initiation codon of gp48 (Degnin et al., 1993; Geballe et al., 1986) . The CMV-stalled ribosome contains a Pro-tRNA at the P site and a stop codon at the A site, both of which are critical for stalling (Cao and Geballe, 1996; Janzen et al., 2002) . In contrast, translational stalling by the AAP requires an additional transacting effector molecule, namely the amino acid L-arginine (Arg) (Wang and Sachs, 1997a; Wang and Sachs, 1997b) . In the presence of high concentrations of Arg, stalling during translation of the AAP uORF leads to downregulation of carbamoyl phosphate synthetase A in N. crassa and S. cerevisiae. Like CMV, stalling of AAP occurs naturally at a stop codon; however, unlike CMV, a stop codon is not a prerequisite for stalling (Fang et al., 2000; Wang et al., 1998) . Thus, AAP exhibits antitermination as well as antielongation properties, distinguishing it from CMV. Nevertheless, mutation of specific residues of both the CMV (Alderete et al., 1999; Degnin et al., 1993) and AAP (Delbecq et al., 2000; Freitag et al., 1996; Wang and Sachs, 1997b) has been shown to abolish the regulatory effect of these peptides, suggesting that a direct interaction of the stalling peptides with components of the tunnel is critical for stalling. Despite this wealth of biochemical data (Morris and Geballe, 2000) , direct structural insight into the mechanism of translational stalling in eukaryotes is still lacking.
Here we have used cryo-EM and single-particle reconstruction to determine structures of eukaryotic ribosomes stalled during the translation of the fungal AAP uORF and the human CMV gp48 uORF2. The C terminus of the AAP appears to be compacted adjacent to the peptidyl transferase center (PTC), consistent with NMR data demonstrating the high a-helical propensity of this region. At the tunnel constriction, both the CMV and AAP nascent chains appear to be stabilized, where they interact in a distinct fashion with ribosomal proteins L4 and L17. Moreover, we observe differences at the PTC, namely for the loop of eukaryotic-specific ribosomal protein L10e as well as in the vicinity of nucleotide A2602 (E. coli numbering). Specifically, the loop of ribosomal protein L10e establishes direct contact with the CCA end of the peptidyl-tRNA (P-tRNA), which may be critical for silencing of the PTC during translational stalling. Collectively, these findings provide direct structural insight into two distinct eukaryotic stalling processes. (A) Purification of in vitro-stalled wheat germ CMV-RNCs and in vivo-stalled endogenous yeast CMV-RNCs. SDS-PAGE and western blot analysis of the in vitro and in vivo RNC preparations. Indicated fractions (1% of total, 0.5% of pelleted ribosome, 1% of supernatant and flowthrough, 5% of low-and high-salt wash, and 5% of purified RNCs) were applied on to a 15% SDS-PAGE gel, transferred to a PVDF membrane, and detected using primary anti-HA antibody and secondary HRP-coupled antibody. (B-D) (B) Reconstructions of yeast 80S ribosome control and the in vivo yeast CMV-RNC. Cryo-EM reconstruction of the in vitro (C) AAP-and (D) CMV-RNCs, at 6.5 Å and 6.7 Å resolution, respectively (see Figure S1 ), with overview (top left), transverse section (bottom left), and zoom of ribosomal tunnel (right-hand boxed inset). Sec61 is not shown, whereas the 40S subunit is colored light yellow, 60S is gray, and AAP and CMV peptidyl-tRNAs are gold and green, respectively. Isolated density with fitted models for (A) CMVtRNA, (B) Helix-tRNA (Bhushan et al., 2010) , and (C) AAP-tRNA. The sequence (Seq.) of each peptide is given with secondary structure prediction (Pred.) and probability (Prob.) determined using PSIPRED. The cyan balls indicate residues that abolish stalling when mutated.
RESULTS AND DISCUSSION
Generation and Visualization of Eukaryotic AAP-and CMV-Stalled RNCs To gain direct structural insight into the eukaryotic stalling mechanism, CMV-and AAP-stalled RNCs were generated using a Triticum aestivum (wheat germ) in vitro translation system (see the Experimental Procedures). In both cases, we observed stalling activity and detected the presence of P-tRNA in the purified RNCs, further corroborating the efficient translational stalling. This is consistent with the finding that the AAP retains regulatory function in plant and animal cell-free systems (Fang et al., 2004) . Similarly, we found that the hCMV peptide could efficiently stall translation in wheat germ ( Figure 1A ), rabbit reticulocyte lysate (Cao and Geballe, 1996) , fruitfly, and yeast translation extracts (data not shown). We were also able to overexpress the CMV uORF in growing yeast and isolate the endogenously stalled CMV-RNCs ( Figure 1A) . A cryo-EM structure of the in vivo CMV-RNCs clearly showed the presence of P-tRNA ( Figure 1B) , indicating the potential use of the in vivo-generated CMV-RNCs for structural and biochemical studies. Singleparticle analysis of the in vitro-stalled CMV-and AAP-RNCs resulted in highly resolved density maps ( Figures 1C and 1D ) at 6.5 Å and 6.7 Å resolution, respectively (see Figure S1 available online). In both structures, we observed strong density for a tRNA in the P site, linked to the nascent chain ( Figures 1C  and 1D ).
Molecular Models for the AAP and CMV Nascent Chains
The densities for the P-tRNAs were isolated, fitted with molecular models, and compared with our recent structure of eukaryotic Helix-RNC (Bhushan et al., 2010) (Figures 2A-2C ). The density for the CMV nascent chain is consistent with an extended conformation in the tunnel (Figure 2A ). In this extended model, residues of the CMV peptide that are critical for translation regulation (Alderete et al., 1999; Cao and Geballe, 1996) are positioned in density (Figure 2A ), suggesting that these regions are stabilized within the tunnel. In contrast, a large region of significantly stronger density was observed for the C-terminal region of the AAP ( Figure 2C ), suggesting some compaction of the nascent chain within this region. Curiously, secondary structure predictions indicate that the C-terminal region of the AAP (specifically residues 11-21) has a high propensity to adopt an a-helical conformation ( Figure 2C ) (Hood et al., 2007) , analogous to the distal region of the nascent peptide observed in the Helix-RNC (Bhushan et al., 2010) (Figure 2B ). Therefore, we generated two models for the AAP, one extended and a second where a turn of an a helix was introduced to indicate compaction in this region of the peptide ( Figure 2C ). In this alternative model, compaction of the peptide relocates Asp12 into density, which is in agreement with data demonstrating the importance of this residue for stalling (Freitag et al., 1996) . Moreover, the mutations His18Pro and Trp20Pro in the C-terminal region of S. cerevisae AAP (His17 and Trp19 in N. crassa), which would preclude helix formation, also abolish translation regulation (Delbecq et al., 2000) . The repositioning of critical residues by compaction of the distal region of the AAP nascent chain is reminiscent of the influence that neighboring residues have on the placement of Arg163 during SecM-mediated translation stalling (Yap and Bernstein, 2009 ).
CD and NMR Spectroscopic Analysis Reveal the Helical Propensity of the AAP
In order to investigate the helical propensity of the AAP, the entire peptide was synthesized and analyzed by circular dichroism (CD). The CD spectrum indicates typical characteristics for Figure S2 ). (C) Ribbon representation of the NMR structure encompassing residues 9-24. random coil; however, in the presence of 50% (v/v) trifluoroethanol (TFE), helix formation was observed ( Figure S2 ). It is known that helicity within regions of peptides with intrinsic helical propensity is promoted by this organic cosolvent (Lehrman et al., 1990) . Subsequently, we used nuclear magnetic resonance (NMR) spectroscopy in 50% (v/v) TFE solution to identify the regions of the peptide containing helical elements. As shown in Figure 3A , the secondary chemical shifts indicate that the C terminus can indeed adopt an a-helical conformation, whereas the N-terminal region appears to be disordered. Homonuclear 1 H NOESY experiments ( Figure 3B and Figure S3 ) were combined with dihedral angle restraints derived from secondary chemical shifts to determine the structure of the helical region of the AAP ( Figure 3C and Table 1 ). It should be noted that the low ahelical stability of peptide fragments with known helical structure in the native protein is a common observation and results mainly from the absence of stabilizing long-range intramolecular interactions that are present in the folded protein (Lehrman et al., 1990) . This implies that the ribosomal tunnel provides a specific environment that promotes the observed helical or compacted structure of the AAP. Computer simulations, for example, suggest that confinement in roughly cylindrical tubes, analogous to the ribosomal tunnel, entropically stabilizes a helix formation (O'Brien et al., 2008; Ziv et al., 2005) .
Stabilization of Nascent Peptides within Distinct Regions of the Ribosomal Tunnel
Docking of a molecular model of the ribosomal tunnel (Bhushan et al., 2010) into the CMV-and AAP-RNC maps allowed us to identify the sites of interaction between the nascent peptides and the tunnel ( Figures 4A and 4B) . Notably, there is a good correlation between the suggested interaction pattern derived from our maps and previous mutagenesis studies, such that mutation of nascent peptide residues involved in strong interactions abolish translational stalling, whereas mutations with minor effects on stalling affect residues forming no or only weak interactions (a complete list of mutations known to effect stalling of AAP and CMV is included in Table 2 ): in the upper part of the tunnel, strong density is seen connecting the C-terminal residues of AAP and CMV with the 28S rRNA in the region of nucleotides U2585 (E. coli numbering is used throughout) and A2062.
Replacing the terminal Ala24 with a stop codon in AAP (Wang and Sachs, 1997b ) and mutation of either Pro21 or Pro22 (to Ala) in CMV (Degnin et al., 1993) At the constriction where the extensions of ribosomal proteins L17 and L4 converge, the AAP and CMV nascent chains interact with the tunnel in a distinct manner: the density for the CMV peptide in this region suggests that it is stabilized around residues 10-12 ( Figure 4A ), with Ser12 indeed being essential for stalling. Notably, density is not observed in this region even when a nascent chain with high helical propensity is positioned there (Bhushan et al., 2010) . Apparently, interactions of the CMV peptide with the b-hairpin of L17, the A751 region, and the distal extension of L4 are responsible for this stabilization. AAP forms a similar contact around residues 11-12, which are sandwiched between L17/A751 on one side of the tunnel and the proximal extension of L4 on the other. An additional contact, however, is also observed between the region around residues 6-7 and the distal extension of L4 ( Figure 4B ). The residues of the AAP and CMV nascent chains that are stabilized at the constriction are highly conserved, and mutation of these residues (indicated by cyan spheres in Figures 2-4 ) abolishes translational stalling in both systems (Alderete et al., 1999; Delbecq et al., 2000; Freitag et al., 1996; Hood et al., 2007) . Furthermore, mutations in the b-hairpin of L22 (the bacterial homolog of L17) as well as insertions at A751 relieve the translational arrest in the bacterial SecM and/or TnaC stalling systems (Cruz-Vera et al., 2005; Nakatogawa and Ito, 2002) . This suggests that the constriction plays a universal role in translational stalling, but also that the identity of the interaction can be distinct for each nascent chain. Additionally, it should be noted that stabilization of the CMV and AAP nascent chains is also observed toward the N terminus (Figures 2A and 2C) , in a similar region where helix formation was suggested by biochemical experiments (Lu and Deutsch, using ''PROLSQ'' van der Waals radii. RMSD and PROCHECK values apply for residues 10-24. a Distance restraints were employed with a soft square-well potential using an energy constant of 50 kcal mol À1 Å
À2
. No distance restraint was violated by more than 0.5 Å . b Torsion angle restraints derived from TALOS were applied to f, c backbone angles using energy constants of 200 kcal mol À1 rad
. No dihedral angle restraint was violated by more than 5 . c PROCHECK was used to determine the quality of the structure.
2005; Tu and Deutsch, 2010) and observed previously by cryo-EM ( Figure 2B ) (Bhushan et al., 2010) . This may be relevant for CMV stalling, since mutation of Ser7 or Ala8 significantly reduces translation regulation (Alderete et al., 1999) . In contrast, deletion or mutation of the first four residues of AAP has no effect on translational stalling (Delbecq et al., 2000) . In the enlarged panels of the upper and middle tunnel regions, the density is shown at two thresholds (with the lower threshold in mesh). CMV (green) and AAP (gold) nascent chains are shown as ribbons with cyan balls indicating critical residues of for translational stalling. Asterisks indicate sites of contact between the nascent chains and ribosomal components. Residues in the nascent chain are labeled as single-letter amino acids (as in Figure 2 ), whereas the nucleotides of 28S rRNA are labeled using italics. L4 and L17 refer to ribosomal proteins L4 and L17. (C-F) Comparison of the PTC of (C) CMV-and (D) AAP-stalling peptidyl-tRNAs, with nonstalling (E) Helix1-and (F) Helix2-RNCs (Bhushan et al., 2010 ) (see also Figure S3 ). rRNA is colored cyan and L10e is magenta. Asterisks indicate sites of contact between L10e and P-tRNA or rRNA. The cryo-EM density is shown at two thresholds (with the lower threshold in mesh). In (D) and (E), the arrow indicates a possible shift in the position of A2602 in the AAP-and Helix1-RNCs. Asp12-Gln11 A751 28S rRNA Abolishes stalling (Delbecq et al., 2000; Freitag et al., 1996) Asp12-Gln11 Gly74-Val77 L4 Abolishes stalling (Delbecq et al., 2000; Freitag et al., 1996) (Ser10-Thr9)* c Arg136-Asn138 L17 Diverse effects (Delbecq et al., 2000) Ser6 Thr88-Arg90 L4 Abolishes stalling (Delbecq et al., 2000) a Positions are approximate so the closest residue(s) to the contact site is given based on fitting of CMV and AAP nascent chain and ribosome structures to the cryo-EM density. b Numbering is given using E. coli for rRNA, rice (O. sativa) for L4 and L17, and wheat germ (T. aestivum) for L39e. c Density corresponding to these interactions was only observed at low thresholds, suggesting weak interactions.
Conformational Changes at the Peptidyl Transferase Center
Comparison of the positions of the CCA ends of the CMV-/AAPtRNAs with nonstalling helix1/2-tRNAs does not reveal any significant differences at this resolution ( Figure 5 and Figure S4 ). However, one clear difference at the PTC of the AAP-and CMV-RNCs is seen in the vicinity of A2602. This base is highly flexible and observed in different conformations depending on the functional state of the ribosome (Seidelt et al., 2009) . Consistent with this flexibility, we observe very weak density in the region of A2602 in the CMV-RNC ( Figure 4C) ; however, in the AAP-RNC, strong density is seen directly adjacent to the CCA end of the P-tRNA that could accommodate a specific orientation of the base ( Figure 4D) . A distinct conformation for A2602, incompatible with release factor action, was also observed in the PTC of the TnaC-stalled ribosome (Seidelt et al., 2009 ), which by analogy may suggest that the conformation of A2602 in the AAP-RNC is important for the antitermination mechanism of AAP.
Notably, strong density for the loop of ribosomal protein L10e is observed at the PTC contacting the CCA end of the AAP-tRNA ( Figure 4D ). There is also density connecting the CCA end of the CMV-tRNA with the backbone of H89, which we attribute to stabilization of the tip of the loop of L10e ( Figure 4C ). In the crystal structure of the archaeal large subunit (Ban et al., 2000) , the loop of L10e was disordered and not modeled, suggesting that it is highly flexible. This is consistent with the weak or lacking density of this loop in our previous Helix-RNCs (Figures 4E and 4F) (Bhushan et al., 2010) . Thus, it is tempting to speculate that the loop of L10e has a general role in tRNA positioning, consistent with mutations and deletions in this loop being lethal (Hofer et al., 2007) , and a specific role in translational stalling. 
Conclusion
Structurally, the PTC and ribosomal tunnel are highly conserved between bacteria and eukaryotes. The major differences are in the ribosomal proteins L4, the distal loop of which is much longer in eukaryotes, the presence of L38e at the tunnel exit, and the loop of L10e at the PTC ( Figure 5) . Comparison of the bacterial TnaC-stalled RNC (Seidelt et al., 2009) (Figure 5A ) with the eukaryotic CMV-and AAP-stalled RNCs ( Figures 5B and 5C ) reveals a number of general features. First, there is no cascade of conformational rearrangements, as proposed for SecM stalling (Mitra et al., 2006) . Second, interactions of the nascent chains are established with a discrete set of tunnel components, such as rRNA nucleotides U2585, A2062, A2058, A751, and the extensions of L4 and L17 (L22) ( Figure 5 ). We note that it may not be the interaction per se that is important for stalling, but rather that certain residues may play a role in positioning of neighboring critical residues, as observed for SecM stalling (Yap and Bernstein, 2009 ). Third, stabilization of the nascent chain is evident within the tunnel constriction ( Figure 5 ), in a region where density has not been observed for nonregulatory peptides (Bhushan et al., 2010) . Additionally, each stalling mechanism employs distinct features that are specific for the nascent peptide. For example, L10e, the loop of which is absent in bacteria, may play a role in AAP stalling by tRNA positioning and/or stabilization. Conformational change in the region of A2602 may play a role in the AAP and TnaC antitermination mechanisms, whereas CMV may function differently. At this resolution, it is not possible to determine the origin of the conformational changes at the PTC, but they may be relayed from the nascent chain either through the chain itself or through subtle conformational changes in components of the ribosome, as suggested previously for TnaC stalling (Seidelt et al., 2009) . Additionally, compaction is observed in the fungal AAP stalling RNC adjacent to the PTC, while the conformation of the human CMV and bacterial TnaC-stalling peptides are essentially extended ( Figure 5 ). Taken together, despite the high degree of conservation of the ribosomal tunnel, no apparent consensus emerges for the stalling peptide interactions. To the contrary, apart from a general involvement of the tunnel constriction, evolutionary diverse stalling sequences, from bacteria, fungi, and viruses, appear to employ distinct mechanisms to induce translational regulation.
EXPERIMENTAL PROCEDURES Stalling Construct and In Vitro RNC Preparation
The CMV and AAP constructs were generated using a T7 standard forward primer with either a modified reverse cmv (5 0 -TTAAGGAGGAATATATTTGC AGGTCAGCAGGCTGCTCAGTTTTTTCGCACTCAGCACCAGCGGTTCCATT TCAATTTTATTGTCACTAATCCATT-3 0 ) or reverse aap (5 0 -TTACGCGTTAAG GGCTCTCCACAGATGGTCTGAGAGGTAATTCTGACTAGTGAA GACTGACG GGCGACCTTCAATTTTATTGTCACTAATCCATT-3 0 ) primer, using the DPAP-B120 (without signal anchor sequence) construct as a template (Halic et al., 2004) . Uncapped transcripts were then synthesized from the PCR fragments using T7 RNA polymerase. Both the CMV-and AAP-RNCs were generated using a homemade wheat germ in vitro translation system (based on Erickson and Blobel [1983] ) programmed with mRNA encoding the DPAPB-CMV and DPAPB-AAP fusion proteins. RNCs were purified as described previously (Halic et al., 2004) .
Generation of Endogenously Stalled In Vivo RNCs
The CMV stalling construct was cloned in to a yeast expression pYES2. Electron Microscopy, Image Processing, and Modeling As described previously (Wagenknecht et al., 1988) , samples were applied to carbon-coated holey grids. To avoid orientational bias, the wheat germ RNCs were reconstituted with a 5-fold molar excess of Sec61 as described ). Micrographs were then recorded under low-dose conditions (25 electrons/Å 2 ) with a magnification of 38,900 on a Tecnai F30 field emission gun electron microscope at 300 kV in a defocus range of 1.0-4.5 mm. Micrographs were scanned on a Heidelberg Primescan D8200 drum scanner, resulting in a pixel size of 1.24 Å on the object scale. The data were analyzed by determination of the contrast transfer function using CTFFIND (Mindell and Grigorieff, 2003) . The data were further processed with the SPIDER software package (Frank et al., 1996) . After automated particle picking followed by visual inspection, 180,000 particles for CMV-RNCs and 200,000 particles for AAP-RNC were selected for density reconstruction. Both the data sets were sorted into programmed (with P-tRNA) and unprogrammed/empty (without P-tRNA) ribosome sub-data sets, using reconstructions of programmed and unprogrammed ribosomes as references. Removal of unprogrammed ribosome particles resulted in 150,000 and 165,000 programmed particles for CMV-RNC and AAP-RNC, respectively. This yielded final CTF-corrected reconstructions at a resolution of 6.5 Å and 6.7 Å , respectively, based on the Fourier shell correlation (FSC) with a cut-off value of 0.5 ( Figure S1 ). Densities for the 40S subunit, the 60S subunit and the P site tRNA were isolated using binary masks. Models were generated as described previously (Bhushan et al., 2010) . Models were generated using an extended version of MANIP (Massire and Westhof, 1998) and then refined and fitted using RNAVIEW (Yang et al., 2003) and MDFF (Trabuco et al., 2008) . Protein alignments were built with TCoffee (Notredame et al., 2000) . Homology models for ribosomal proteins were built using Modeler (Eswar et al., 2006) . Models were then adjusted manually with Coot (Emsley and Cowtan, 2004) and minimized with VMD (Humphrey et al., 1996) . The CCA-Pro and CCA-Ala positions of the nascent chains were modeled based on an alignment with the Haloarcula marismortui 50S subunit in complex with CCA-pcb (Schmeing et al., 2005a (Schmeing et al., , 2005b . Initial docking of X-ray structures and models was performed using Chimera (Pettersen et al., 2004) , and alignment of pdbs was performed using PyMol (http://www.pymol.org/). All figures were generated using Chimera (Pettersen et al., 2004) .
Circular Dichroism Spectroscopy
Far-UV (190-250 nm) CD spectra were recorded on 30 mM AAP in 20 mM PO 4 À , 25 mM sodium chloride and 0% (v/v) or 50% (v/v) TFE using a JASCO J-715 spectropolarimeter ( Figure S2 ). The sample temperature for all CD measurements was maintained at 293 K.
Nuclear Magnetic Resonance Spectroscopy NMR measurements were carried out on a Bruker Avance III 750 MHz spectrometer equipped with a TXI probehead, and on an Avance 900 instrument equipped with a TXI cryoprobehead, respectively. NOESY (mixing times of 100 and 300 ms) (Jeener et al., 1979) , TOCSY (Bax and Davis, 1985; Mü ller and Ernst, 1979) (mixing times of 100 ms), and 1 H, 13 C HSQC (Kay et al., 1992; Palmer et al., 1991; Schleucher et al., 1994; Willker et al., 1993 ) spectra were recorded on 1 mM AAP in 20 mM phosphate buffer, with 50 mM sodium chloride at pH 6.5, and 0% (v/v) or 50% (v/v) TFE, respectively ( Figure 3 and Figure S3 ). Spectra were recorded at 277 or 298 K. NMR spectra were processed with NMRPipe (Delaglio et al., 1995) and analyzed with Sparky (http://www.cgl.ucsf.edu/home/sparky/). Automated NOE cross-peak assignment was performed using the software CYANA 2.1 (Guntert, 2009 ). Automatically assigned NOEs and the completeness of the NOE cross-peaks were manually checked. Distance restraints from the CYANA calculation and TALOS+ (Shen et al., 2009 )-derived torsion angles restraints were used for refinement in a box of water molecules (Linge et al., 2003) using Aria 2.2 (Rieping et al., 2007) . Statistics are given in Table 1 for the 20 lowest energy structures (see Figure S3 ) after water refinement out of 100 calculated. The CNS E repel function was used to simulate van der Waals interactions with an energy constant of 25 kcal mol À1 Å À4 using ''PROLSQ'' van der Waals radii. Quality of the structure ensemble was validated using the program PROCHECK (Laskowski et al., 1996) .
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